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INTRODUCTION
Nitrogen (N) is an essential macronutrient limiting plant growth and crop yield (Xu et al., 2012) . Nitrate is the main inorganic N source in agricultural soils (Guti errez, 2012) . Nitrate is not just a nutrient -it also has an important signaling role regulating global gene expression, impacting metabolic, physiological and developmental processes (Bouguyon et al., 2012; Canales et al., 2014; Medici and Krouk, 2014; Vidal et al., 2015) . The only known nitrate sensor is the transmembrane carrier NRT1.1, also known as CHL1/NFP6.3 (Bouguyon et al., 2012) . This transceptor is able to regulate expression of primary nitrate response genes (Ho et al., 2009) . We have shown that calcium acts as a second messenger in the nitrate signaling pathway mediated by NRT1.1 (Riveras et al., 2015) .
It is well known that the availability of nitrate has a great influence on root system architecture (RSA) (Vidal et al., 2010; Forde, 2014; Araya et al., 2015) . The NRT1.1 signaling pathway is involved in the inhibitory effect of low nitrate concentration on lateral root elongation (Bouguyon et al., 2015) . In the last few years regulatory factors downstream of NRT1.1 with an impact on RSA have been reported Vidal et al., 2014; Bellegarde et al., 2017) . TGA1 and TGA4 are bZIP transcription factors which are highly induced in response to nitrate treatments. This induction was reduced in mutant plants lacking NRT1.1 but not in point mutants affected in transporter activity or localization that retain some signaling function . Phenotypic analysis of tga1/tga4 double mutants revealed that these transcription factors modulate primary and lateral root growth in response to nitrate. Additional components of the nitrate signaling pathway involved in nitrate-specific control of the root developmental program include ANR1 (Zhang and Forde, 1998) , AFB3 (Vidal et al., 2010) , TCP20 (Guan et al., 2014) , CPK10, CPK30, CPK32 (Liu et al., 2017) and NLP7 (Marchive et al., 2013) among others (Bellegarde et al., 2017; Undurraga et al., 2017) . The effect of N on RSA varies depending on the N source (Giehl and von Wir en, 2014) . For instance, ammonium has an inhibitory effect on primary root growth (Liu et al., 2013) whereas nitrate induces primary root growth (Araya et al., 2015) .
Another developmental aspect of the response of root systems to the environment is root hair formation (Giehl and von Wir en, 2014) . In contrast to primary or lateral roots, much less is known regarding the modulation of root hair initiation or elongation by N. Root hairs are tubular outgrowths of root epidermal cells that specialize in water and nutrient uptake (Gilroy and Jones, 2000) . This special morphology substantially increases the surface area in contact with the soil substrate. Another important feature of root hairs is their expression of specific nutrient transporters. Nitrate transporters NRT1.1, NRT2.1 and NRT2.6 have been found differentially expressed in root hair cells, as has the sulfate transporter SULTR1.1 and phosphate transporter PHT1.1 (Lan et al., 2013) . These data suggest that trichoblast cells are important for the acquisition of several nutrients, although this has not yet been demonstrated in the case of nitrate.
The length and density of root hairs are regulated by genetic and environmental factors (Datta et al., 2011) . Nutrient availability is one of the most influential factors in the development of root hairs. Deficiency of nutrients such as phosphorus or iron produces a strong increase in both root hair length and density (M€ uller and Schmidt, 2004) . Several transcription factors such as PHL1/PHR1, BHLH32, RSL4 or WRK75 have been shown to regulate root hair development during phosphate deficiency (P eret et al., 2011) . Phosphorus deficiency also regulates the expression of genes important for root hair development, such as EXP7, MRH6 or WER, in a short time period (1-6 h) (Lin et al., 2011) . Other nutrients such as magnesium also regulate the expression of root hair genes (Niu et al., 2014) .
Using meta-transcriptomics analysis we showed that a group of co-expressed genes involved in root hair development are regulated by nitrate treatments in Arabidopsis, suggesting that root hairs are controlled by the availability of N (Canales et al., 2014) . More recently it was shown the Arabidopsis ecotypes Col-0, Sha and Tsu-0 exhibited increased root hair density with nitrate concentration under continuous growth conditions (Vatter et al., 2015) . In contrast, ammonium availability does not alter the number of root hairs (Vatter et al., 2015) . A NRT1.1 insertional T-DNA mutant line showed a modest decrease in the number of root hairs compared with wild-type plants under higher nitrate concentrations (Vatter et al., 2015) , suggesting that NRT1.1 is involved in root hair formation under these constant conditions.
In this study we investigated the role of nitrate as a signal to control root hair development and identified regulatory factors in the nitrate signaling pathway that are involved in this developmental response. Root hair density in response to nitrate was not affected in a NR-null mutant background, indicating that nitrate and not a product of nitrate reduction is able to stimulate root hair initiation. NRT1.1 mutants exhibited significantly reduced root hair density in response to nitrate treatments, indicating that NRT1.1 is required for increased root hair density in response to changes in nitrate availability. We also show that key transcription factors involved in nitrate signaling, TGA1 and TGA4, are necessary for the nitrate-elicited root hair density response in Arabidopsis. We propose a model where nitrate, via NRT1.1 transceptor and TGA1/TGA4 transcription factor, regulates expression of the CPC root hair cell specification gene affecting root hair density.
RESULTS

Nitrate treatments increase root hair density
Using co-expression network meta-analysis of transcriptome data obtained from nitrate-treated Arabidopsis roots, we showed trichoblast differentiation to be a robust nitrate-modulated biological process (Canales et al., 2014) . This integrative network bioinformatics approach prompted the hypothesis that nitrate availability modulates root hair development in Arabidopsis thaliana (Canales et al., 2014) . As a first step to test the hypothesis that nitrate treatments modulate root hair development, Arabidopsis Col-0 plants were grown for 14 days in hydroponic media with a full nutrient solution containing 1 mM ammonium as the only N source (see Experimental procedures). At dawn on the 15th day plants were treated with 5 mM KNO 3 or 5 mM KCl. We measured root hair length and density 1 week after the treatment. As shown in Figure 1 (a-c), KNO 3 but not KCl treatment increased the number of root hairs at the root tip. In contrast to root hair density, root hair length was not affected by nitrate treatments under our experimental conditions (Figure 1b) . Interestingly, we found no difference in root hair density when a lower nitrate concentration, in the high-affinity range, was used ( Figure 1d ). These results indicate that nitrate treatments using concentrations in the low-affinity range increase root hair density in A. thaliana.
An increased root hair density results from ectopic root hair cell production; alternatively it may be due to a decrease in the longitudinal length of epidermal cells (Savage et al., 2013) . To distinguish between these two possibilities, we first analyzed the distribution of root hair cells in cross sections using confocal microscopy. A transgenic line expressing green fluorescent protein (GFP) reporter under the control of the COBL9 gene promoter region was used to identify root hair cells in the cross sections. COBL9 is a root hair-specific gene that has been previously used as a maker to isolate root hair cells (Petricka et al., 2012) . We found that COBL9-GFP plants treated with 5 mM KNO 3 for 7 days have the typical root hair patterning in which every root hair cell is in contact with two cortical cells while non-hair cells only connect with one cortical cell (Salazar-Henao et al., 2016) ( Figure S1 in the Supporting Information). This result indicates that ectopic production of root hairs is not induced by nitrate treatments. To investigate whether the increase in root hair density caused by nitrate is a consequence of altered longitudinal trichoblast cell length, we analyzed these cells in plants treated with 5 mM KNO 3 or 5 mM KCl for 7 days. Cell length measurements revealed that nitrate treatments significantly decrease the longitudinal cell length of trichoblast cells (Figure 1e ). These results indicate that the increased root hair number induced by nitrate is due to a reduced trichoblast cell length which results in an increased number of cells per unit of length of primary root.
The lack of root hairs affects nitrate levels in A. thaliana roots Root hair cells increase the effective root surface (Gilroy and Jones, 2000) and are well known for their importance in the uptake of water and nutrients such as phosphate. However, it is not clear whether root hairs have an impact on the nitrate acquisition capacity of the plant. In order to evaluate the importance of root hairs for nitrate acquisition, we used mutants with low or high numbers of root hairs (rhd6-3, cpc-1 and wer/myb23; Figure 2a ) and measured the nitrate concentration in roots shortly after nitrate treatments. Wild-type and mutant plants were grown hydroponically for 14 days as described above. At dawn on the 15th day plants were treated with KNO 3 (0.1 or 5.0 mM) for 20 min. Interestingly, root hair defective mutants (rhd6-3 and cpc-1) showed a 58.6% reduction in nitrate concentration compared with wild-type plants when treated with a nitrate concentration in the high-affinity range. Similarly, we observed a 58.9% reduction in nitrate concentration in rhd6-3 or cpc-1 mutants compared with (e) Longitudinal cell length of trichoblast cells. A Student's t-test was performed to test the significance (P < 0.05) of the differences between treatments. Significant changes are indicated with an asterisk (*P < 0.05; **P < 0.001). Values plotted correspond to the means of three independent experiments AE standard deviation. Five different roots were measured for each experimental replicate.
wild-type plants when treated with a nitrate concentration in the low-affinity range ( Figure 2b ). Mutant plants that have ectopic root hairs (wer/myb23) showed a significant increase in nitrate content ( Figure 2b ). We also analyzed the nitrate concentration in shoots of wild-type and root hairless mutant plants (rhd6-3) in order to rule out possible differences in root-to-shoot translocation. Nitrate concentration in the aerial part of both genotypes treated with 5 mM of nitrate was significantly lower than observed in root tissues, suggesting that nitrate translocation from root to shoot is very low within the first 20 min under our experimental conditions ( Figure S3 ).
These results indicate that root hairs are important for nitrate uptake in plant roots.
The nitrate signaling pathway is implicated in the increase in root hair density Nitrate in roots can be converted to N metabolites such as ammonium or glutamine. To evaluate whether increased root hair density was induced directly by nitrate or by N metabolites produced downstream of nitrate reduction, we analyzed root hair density after nitrate treatments in a nitrate reductase (NR)-null mutant of A. thaliana (nia1 nia2) (Wang, 2004) . This mutant plant is unable to assimilate nitrate, therefore responses to nitrate treatments in the NRnull mutant are controlled by nitrate and not by N metabolites downstream of nitrate reduction. Wild-type and nia1/ nia2 plants were grown hydroponically with ammonium as the sole N source and were treated with KNO 3 or KCl as described above. As shown in Figure 3 (a), nitrate treatments affected root hair density similarly in wild-type and nia1/nia2 mutant plants. This result indicates nitrate is the signal that affects root hair density under our experimental conditions.
The dual-affinity nitrate transporter NRT1.1 (also known as NPF6.3 or CHL1) is the only known transceptor for nitrate in Arabidopsis (Ho et al., 2009) , and is a protein that works as both a transporter and a receptor. To evaluate the role of NRT1.1 in root hair development we used four different mutants: chl1-5, a deletion mutant that does not express NRT1.1 transcript; chl1-9, a point mutant defective in nitrate transport and localization that retains specific aspects of nitrate signaling; and nrt1.1-T101D and nrt1.1-T101A mutants that mimic a constitutively phosphorylated or unphosphorylated transporter, respectively, which impacts nitrate signaling (Ho et al., 2009) . We measured root hair density in wild-type and NRT1.1 mutant alleles 1 week after KNO 3 or KCl treatments as described above ( Figure 3b ). Two-way analysis of variance (ANOVA) revealed a significant interaction between genotype and treatment (P < 0.001). We observed a significant difference between treatment and control (KNO 3 and KCl) in all genotypes tested. However, this difference was significantly lower in chl1-5 and chl1-9 mutants, which exhibited a similar diminished response to the nitrate treatments. Both T101 mutants behaved as wild type under our experimental conditions, indicating that T101 phosphorylation is not implicated in nitrate control of root hair development.
These results indicate that NRT1.1 is important for the induction of root hair development. Our results also suggest that phosphorylation of NRT1.1 in T101 is not required and NRT1.1 may function in the low-affinity range for this developmental response. (a) Light microscope images of 14-day-old Col-0, wer/myb23, rhd6-3 and cpc-1 plants grown as described above. The black bar indicates 100 lm. (b) Nitrate concentration in mutants with low or high numbers of root hairs (rhd6-3, cpc-1 and wer/myb23 respectively). Plants were grown hydroponically for 14 days as described above and then treated with nitrate (0.1 or 5.0 mM) for 20 min. The nitrate concentration of whole roots was determined using a nitrate reductase colorimetric assay. A Student's t-test was performed to test the significance (P < 0.05) of the differences between the wild type and root hair mutants. Significant changes are indicated with an asterisk. Values plotted correspond to the means of three independent experiments AE standard deviation. FW, fresh weight.
Root hair development is controlled by known nitrate signaling components
We showed that downstream of NRT1.1, TGA1 and TGA4 are important transcription factors that affect gene expression and lateral and primary root developmental responses to nitrate Vidal et al., 2014) . As a first test to evaluate whether these transcription factors also play a role in root hair development, we analyzed root hair density in tga1, tga4 single mutants and tga1/tga4 double mutants after nitrate treatments. Consistent with their known functional redundancy in biotic stress (Shearer et al., 2012) or nitrate regulation of lateral root development , tga1 and tga4 single mutants exhibited a similar root hair response to nitrate treatments to wild-type plants ( Figure S2 ). In contrast to the single mutants, the response of root hair density to nitrate was significantly reduced in the tga1/tga4 double mutant compared with wild-type plants (Figure 4a-c) . These results indicate that TGA1 and TGA4 play a redundant role in nitrate-dependent root hair development.
The increase of root hair density induced by nitrate treatments depends on CPC function
In order to gain insight into the molecular mechanisms underlying the observed phenotype, we looked back to the microarray data we previously obtained for tga1/tga4 double mutants . That experiment was carried out 2 h after nitrate treatments under the same experimental conditions used here . We found trichoblast differentiation was a strongly overrepresented biological function (adjusted P-value = 3.38 9 10 À21 ) among genes that lost nitrate induction in the tga1/tga4 double mutant (Table 1) . Moreover, the average fold-change (KNO 3 /KCl) of 40 out of 338 genes associated with the Gene Ontology (GO) term 'trichoblast differentiation' was 1.8-fold lower in the tga1/tga4 mutant than in wild-type plants (Figure 5a ). These results suggest that TGA1/TGA4 play a role in root hair development by modulating expression of root hair differentiation genes in response to nitrate. It has been reported that root hair cell fate depends on the balance of two WD-repeat/bHLH/Myb transcriptional complexes, one led by the WEREWOLF (WER) transcription factor and the other by CAPRICE (CPC) (Salazar-Henao et al., 2016) . WER forms a transcriptional complex that represses root hair differentiation, whereas CPC is a positive regulator of root hair development (Wada et al., 2002) . To examine the role of these two key regulators of root hair cell fate in response to nitrate treatments, we analyzed root hair density in cpc-1 and wer/myb23 mutant plants under the same experimental conditions as described above. As shown in Figure 5 (b), root hair density of wer/ myb23 plants was significantly higher in the nitrate treatments compared with potassium chloride controls. In contrast, cpc-1 plants showed a similar root hair density under both conditions. This result indicates that the development of root hairs induced by nitrate availability requires CPC function.
Nitrate impact on trichoblast cell length requires NRT1.1, TGA1/TGA4 and CPC genes We showed that reduction in the longitudinal size of trichoblast cells is the main cause of increased root hair density in response to nitrate treatments. To test whether NRT1.1 and TGA1/TGA4 are involved in this mechanism, we measured trichoblast cells in nitrate or control-treated Figure 3 . Dissecting the effect of nitrate on root hair density. (a) Nitrate is able to directly induce a significant increment in the density of root hairs. Col-0 and a nitrate reductase-null mutant (nia1/nia2) were grown hydroponically for 14 days as described in Figure 1 and then treated with 5 mM of KNO 3 (right) or 5 mM KCl as a control. Plants were analyzed 7 days after treatment. (b) Effects of nitrate on root hair density of different NRT1.1 mutants. Means with different lowercase letters are significantly different, P < 0.05 (two-way analysis of variance and Tukey's test). Values plotted correspond to the means of three independent biological replicates AE standard deviation. Five different roots were measured for each experimental replicate. Microscope images of the first 5 mm from primary root tip were used to determine root hair density. A total of 200-300 root hairs were measured from each plant.
chl1-5 and tga1/tga4 double mutant plants and compared the results with the response in wild-type plants. As shown in Figure 4 (c), the longitudinal length of trichoblast cells in nitrate-treated plants was significantly higher in chl1-5 and tga1/tga4 mutants than in wild-type plants. This result indicates that NRT1.1 and TGA1/TGA4 genes are involved in the control of root hair density by modification of the longitudinal length of trichoblast cells. We also evaluated this parameter in cpc-1 and wer/myb23 root hair development mutants. The longitudinal length of trichoblast cells is comparable in nitrate-treated wer/myb23 and wild-type plants (Figure 5c ). However, cpc-1 plants showed significantly longer cells than wild-type plants in response to the nitrate treatments (Figure 5c ). These results are consistent with the role of CPC in the nitrate response of root hairs and suggest that NRT1.1, TGA1/TGA4 and CPC act in the same pathway to control root hair development in response to nitrate.
TGA1 directly regulates CPC gene expression
The simplest explanation for the observations described above is direct regulation of CPC by the NRT1.1-TGA1 nitrate signaling pathway. In order to evaluate whether TGA1 can regulate expression of the CPC gene, we transiently overexpressed TGA1 in root protoplasts as described previously . TGA1 expression was three-fold higher in transformed protoplasts compared with the non-transformed control ( Figure S4a ). As expected, the NRT2.1 gene, a known target of TGA1, was upregulated by overexpressing TGA1. In contrast, the UBIQ10 control gene was not significantly induced by overexpressing TGA1 (Figure S4a ). Interestingly, we found CPC mRNA levels to be significantly increased by overexpression of TGA1 (Figure 5d ), suggesting that CPC expression is positively regulated by the TGA1 transcription factor. In addition, expression of EXP7, LRX1 and PRP3 genes was also significantly upregulated by TGA1 overexpression ( Figure S4b ). These genes are involved in root hair formation and are known downstream targets of CPC function (Chen and Schmidt, 2015) .
These results provide a simple mechanism that would explain the root hair developmental response to nitrate treatments: TGA1 positively regulates expression of CPC to promote root hair development. To test this model, we used chromatin immunoprecipitation (ChIP) assays to determine whether TGA1 could bind to the promoter of CPC in vivo. DNA extracted from plants treated with 5 mM KNO 3 or 5 mM KCl for 20 min was inmunoprecipitated using a TGA1-specific antibody and a non-specific IgG as a negative control . Immunoprecipitated DNA was quantified by quantitative (q)PCR using specific primers designed against the CPC promoter region containing the TGA1-binding motif between positions À1839 and À1831 bp. This TGA1-binding site was selected based on the analysis of CPC promoter region with the PlantPAN 2.0 platform for plant promoter analysis (Chow et al., 2016) . As shown in Figure 5 (e), nitrate but not KCl treatments recruit the TGA1 transcription factor to the promoter region of the CPC gene.
DISCUSSION
Plants can modify the surface area for nutrient uptake in response to a change in the mineral composition of their environment (Gilroy and Jones, 2000) . Several reports have shown that the availability of phosphorus, iron or magnesium nutrients influences root hair development Values plotted correspond to the means of three independent biological replicates AE standard deviation. (Ma et al., 2001; M€ uller and Schmidt, 2004; Niu et al., 2014) . Our results showed that nitrate treatments increase root hair density, with an average density twice as high as that in plants treated with potassium chloride. A recent study evaluated the effect of nitrate and ammonium on root hairs of different Arabidopsis ecotypes (Vatter et al., 2015) . These authors found a significantly greater number of root hairs in plants grown with high-nitrate compared with low-nitrate media. Our results are in agreement, and extend these findings by identifying a mechanism through which nitrate regulates root hair developmental responses in Arabidopsis roots.
Similar to what was observed for other nutrients such as phosphate (Savage et al., 2013) , longitudinal reduction of epidermal cell length caused by nitrate is the primary mechanism that produces an increase in root hair number. This reduced cell length may also contribute to the reduced primary growth rate observed previously under comparable experimental conditions (Vidal et al., 2010 (Vidal et al., , 2013 .
Hairless mutant plants have been used to demonstrate the role of root hairs in the absorption of phosphorus nutrients (Niu et al., 2013) . rhd6-3 mutant plants have smaller capacity for phosphorus acquisition than wild-type plants (Bates and Lynch, 2000) . rhd6-3 is a root hairless mutant with no pleiotropic phenotype under normal growth conditions (Masucci and Schiefelbein, 1994) . Similarly, we showed the importance of root hairs in nitrate acquisition by analyzing nitrate levels in the hairless mutant plants rhd6-3, or mutants with ectopic root hairs (wer/myb23) after short nitrate treatments. The results presented above indicate that root hairs are important for root nitrate content, especially for rapid changes in response to N treatments. The capacity for absorption of mineral nutrients by root hairs was recently examined using NR23 plants -transgenic plants without root hairs (Tanaka et al., 2014) . These plants showed reduced mineral content (P, S, Ca, K, B and Zn) under nutrient-limited conditions. Interestingly, NR23 plants did not growth well in a low-N medium (0.5 mM) compared with wild-type plants. These results are in agreement with our observations and indicate that root hairs play an important role in the uptake of N as well as other nutrients (Tanaka et al., 2014) . Despite recent progress on the influence of nitrate in the development of root hairs, the molecular mechanism implicated in this developmental response is unknown. A well-known component in nitrate signaling is the transceptor NRT1.1, and this was reported to play a role in root hair development (Vatter et al., 2015) . The increase in root hair density at higher nitrate concentrations was suppressed in a NRT1.1 T-DNA insertional mutant (Vatter et al., 2015) . We analyzed the response to nitrate in several NRT1.1 mutants and corroborated a role for this transceptor in root hair development in response to nitrate treatments. Moreover, we observed an increase in the number of root hairs when wild-type plants were treated with a high nitrate concentration (5.0 mM). Therefore, our results indicate that NRT1.1 protein function in the low-affinity range is important for triggering the developmental response of root hairs. Several regulatory factors of the nitrate response, such as AFB3/NAC4 or TGA1/TGA4, act downstream of NRT1.1 Vidal et al., 2014) . Our results are consistent with these previous findings and show that TGA1/ TGA4 are involved in the nitrate-dependent root hair Figure 5 . The effect of nitrate on root hair density is mediated by CPC, which is positively regulated by TGA1. (a) Box plot depicting log 2 fold changes (KNO 3 /KCl) of 40 genes included in the Gene Ontology term 'trichoblast differentiation' measured by microarray after 2 h of nitrate treatment. Microarray data were obtained from Alvarez et al. (2014) . Genes were selected with the following criteria: adjusted P < 0.05 and positive fold change in wild-type plants; adjusted P > 0.05 in tga1/tga4 plants. The whiskers are drawn down to the 10th percentile and up to the 90th. Points below and above the whiskers are drawn as individual dots. developmental response. Furthermore, we found that tga1/ tga4 mutant plants have longer trichoblast cells than wildtype plants in response to nitrate treatments. This phenotype is compatible with the proposed role of TGA1/TGA4 in the control of root hair development through decreased longitudinal elongation of trichoblasts. Transcriptome analysis of wild-type and tga1/tga4 mutant plants revealed 40 genes related to root hair development and root hairspecific expression with altered nitrate induction in the tga1/tga4 double mutant plants ( Figure 5A ). Functional analysis of several root hair-specific genes with knockout mutants and overexpression lines revealed that these genes are necessary for normal root hair formation (Won et al., 2009) . Recently, the most differentially expressed genes between root hair cells and non-root hair tissues have been identified using RNA sequencing analysis (Li and Lan, 2015) . Interestingly, 12 out of the 20 genes most highly expressed in root hair cells are dependent on tga1/ tga4 for nitrate regulation of gene expression. For example, EXP7 is a gene encoding an expansin protein important for root hair initiation (Cho and Cosgrove, 2002) .
Root hair development is modulated by key transcriptional complexes that contain GL3, or its paralog EGL3, and the WD repeat protein TRANSPARENT TESTA GLA-BRA 1 (TTG1) and differ in the presence of WER in the atrichoblast or CPC in the trichoblast (Salazar-Henao et al., 2016) . WER and CPC are essential genes for root hair cell fate and can integrate environmental cues such as phosphate availability (Chen and Schmidt, 2015) and phytohormones (Kuppusamy et al., 2009) . We showed that CPC is essential for root hair development induced by nitrate treatments. wer/myb23 mutant plants showed increased root hair density in response to nitrate treatments. This result indicates that the effect of nitrate on root hairs is mediated by CPC. Our results support a model where NRT1.1 and the TGA1/TGA4 nitrate signaling pathway enhance expression of CPC, which is involved in triggering root hair development ( Figure 6 ). It is possible that TGA1/ TGA4 directly regulate genes involved in root hair formation ( Figure 6 ). However, this possibility is unlikely given that cpc-1 mutant plants have completely lost their response to nitrate. Recently, a phosphate-inducible transcription factor, WRKY75, was shown to regulate CPC expression (Rishmawi et al., 2014) . Therefore, direct regulation of root hair cell fate specification genes such as CPC may be a common mechanism for nutrient signals to modulate root hair density in plants.
The response of root hairs to nitrate availability may be an important strategy for enhanced N acquisition when plants reach a nitrate-enriched soil patch. The importance of phenotypic plasticity of root hairs for nutrient uptake and plant growth has been reported in several species (Bates and Lynch, 2001; Gahoonia and Nielsen, 2004; Zhu et al., 2010) . For instance, common bean genotypes with long root hairs have greater biomass accumulation than short-haired phenotypes under lowphosphate conditions (Miguel et al., 2015) . The grain yield of barley plants is also affected by root hair length (Gahoonia and Nielsen, 2004) . Our results not only directly link nitrate to root hair development but also suggest new targets for breeding programs to enhance N-use efficiency and crop yield.
EXPERIMENTAL PROCEDURES Plant material and growth conditions
Plants were grown in hydroponic culture as described previously (Vidal et al., 2013; Alvarez et al., 2014) , using A. thaliana Col-0 ecotype as a wild-type plant. Briefly, plants were grown under long-day conditions (16-h/8-h light/dark) at 22°C in a growth chamber (Percival, https://www.percival-scientific.com/). Liquid nutrient solution without N (M531, PhytoTechnology Laboratories, https://phytotechlab.com/) supplemented with 0.5 mM ammonium succinate and 0.1% sucrose was used as the growth medium under sterile conditions. Plants were treated for the indicated periods of time at the beginning of the light cycle on day 15 with 5 mM KNO 3 or 5 mM KCl as a control. All collected samples were immediately frozen in liquid N and stored at À80°C for further processing. chl1-5, chl1-9 and T101D mutants were kindly donated by Dr YiFang Tsay (Academia Sinica, Taiwan) (Ho et al., 2009) . The T101A line was kindly provided by Dr Gabriel Krouk (CNRS, France). The nrt2.1/nrt2.2 double mutant plants were kindly provided by Dr Laurence Lejay (INRA, France) (Cerezo et al., 2001) . nia1/nia2 double mutant plants were kindly provided by Dr Nigel Crawford (University of California, USA) (Wang et al., 2007) . We used the same tga1/tga4 mutants lines described in Alvarez et al. (2014) . The rhd6-3 root-hairless line was kindly donated by Jos e M. Estevez, Fundaci on Instituto Leloir-IIBBA CONICET (Argentina). COBL9-GFP and wer/myb23 were kindly provided by Philip Benfey (Department of Biology, Duke University, Durham, NC 27708, USA).
Microscopy
Light microscopy experiments were done with a Nikon Eclipse 80i microscope (https://www.nikoninstruments.com/). Images of root hairs were captured using a CCD camera at 49 magnification. The number and length of root hairs were measured in the first 0.5 cm from the primary root tip using ImageJ software (Schneider et al., 2012) .
Nitrate measurements
Roots were incubated in 0.1 mM CaCl 2 for 1 min after the indicated treatments, then were collected and immediately frozen in liquid N. Homogenized root tissues (20 mg) were resuspended in 500 ll PBS buffer and centrifuged at 10 000 g for 20 min at 4°C to remove debris. The nitrate content of each sample was determined using the nitrate/nitrite colorimetric assay kit (no. 780001, Cayman Chemical Company, https://www.caymanchem.com/) following the manufacturer's instructions.
RNA isolation and real-time quantitative PCR
Total RNA was isolated from frozen roots using Purelink RNA mini kit (Ambion, https://www.thermofisher.com/uk/en/home/brands/invitrogen/ambion.html) and quantified using a Nanodrop spectrophotometer (ThermoFisher, https://www.thermofisher.com/). Residual genomic DNA was removed from RNA samples using DNase I amplification-grade enzyme (Invitrogen, http://www.invit rogen,com.). Synthesis of cDNA was performed with ImProm-II Reverse Transcriptase according to the manufacturer's instructions (Promega, http://www.promega.com/). Real-time quantitative PCR (RT-qPCR) was carried out on a StepOnePlus System (Applied Biosystems, http://www.appliedbiosystems.com/) using the Brilliant III Ultra-Fast SYBR kit under the following conditions: 95°C for 3 min (1 cycle); 95°C for 5 sec and 60°C for 10 sec (40 cycles). Baseline subtraction, efficiency and the starting concentration per sample were determined using the LinRegPCR software (Ruijter et al., 2009 ) from raw fluorescence data. The RNA levels were normalized to clathrin adaptor family protein (AT4G24550), a wellknown housekeeping gene in Arabidopsis (Czechowski et al., 2005) .
Transient expression assays
Root protoplasts were generated and transformed with 35S:TGA1 as described in Alvarez et al. (2014) . Briefly, roots from hydroponic culture of Arabidopsis plants grow as described above were treated with cellulose and pectolyase to generate protoplast cells (Birnbaum et al., 2005; Gifford et al., 2008) . Protoplasts were transfected with a 35S:TGA1 construct or empty vector (pGreen) using the polyethylene glycol method (Niu and Sheen, 2012) . Finally, protoplasts and total RNA were isolated following the protocol described in Alvarez et al. (2014) .
Chromatin immunoprecipitation assay
The ChIP assays were performed as described previously . Immunoprecipitated DNA was analyzed by qPCR using the following primers: CPCf: 5 0 -GCCAGTTTCCCCGACGT-TAAT-3 0 and CPCr: 5 0 -CTGTGGACCCACCAATGAGAAA-3 0 .
Microarray analysis
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